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ABSTRACT
Infections of the protist parasite, Dermomycoides sp. are thought to have caused several
years of low recruitment in the dusky gopher frog (Rana sevosa) populations. I evaluated
the effects of density of the infective zoospores, host developmental stage, and tadpoles'
ability to acquire resistance to Dermomycoides sp. on dusky gopher frog tadpoles.
Tadpoles were exposed to zoospore densities of 0, 250, 500, and 750 zoospores/µL at
Gosner stage 25, and we found no significant differences among treatments in tadpole
mortality. In evaluating susceptibility by development stage, I exposed R. sevosa to 50
zoospores/µL as eggs, embryos, hatchlings, and 2-weeks post hatching tadpoles.
Hatchlings (17 days, SE = 2.09 days) and tadpoles exposed 2-weeks post-hatching (17.65
days, SE = 1.48 days) had a significantly lower days to mortality than tadpoles exposed
as eggs(27.56 days, SE = 2.09 days) or embryos ( 25.81 days, SE = 2.09 days). To assess
if gopher frog tadpoles can acquire resistance to Dermomycoides sp. I exposed tadpoles
around Gosner stage 25 to an initial zero (0 zoospores/µL), low (50 zoospores/µL), or
high (250 zoospores/µL) dose of Dermomycoides sp. Two-weeks later each treatment
was exposed to a second zero, low, or high dose for a total of 9 treatments. Survival was
lowest in tadpoles that received a low initial dose followed by a zero or high challenge
dose (0 and 3.03% respectively). I found that gopher frog tadpoles can acquire resistance
to Dermomycoides sp., and that age at initial exposure plays an important role in tadpole
survival.
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CHAPTER I – INTRODUCTION TO DERMOMYCOIDES SP. AND THE DUSKY
GOPHER FROG
The protist parasite Dermomycoides sp. can utilize a wide range of amphibian
hosts and has been documented across the United States. Documented hosts include
members of the genus Rana (R. sylvatica, R. catesbeiana, R. sphenocephala, R.
clamitans, R. captio, R. septentrionalis, R. pipens, and R. sevosa) the species Pseudacris
crucifer, Acris gryllus, Gyrinophilus porphyriticus, and Bufo terrestris (Aurelie
Chambouvet et al., 2020; Green, Converse, & Schrader, 2002; Isidoro-Ayza et al., 2017;
Isidoro-Ayza, Lorch, Ballmann, & Businga, 2019). The majority of infections and
mortality associated with Dermomycoides reported have been in primarily late
developmental stage tadpoles around Gosner stages 31-46 (Isidoro-Ayza et al., 2017).
Infection is characterized by hemorrhaging of the liver and spleen with red or black
discoloration of the tissues (Isidoro-Ayza, Grear, & Chambouvet, 2019). While zoospores
can be found in nearly all tissues of an infected host, the liver is typically the most
heavily infected (Landsberg et al., 2013). Mortality events associated with infection of
zoospores have been documented in New Hampshire, Minnesota, Virginia, Tennessee,
Alaska, Maryland, Louisiana, Florida, Maine, Mississippi, New York, and Georgia
(Green et al., 2002; Isidoro-Ayza et al., 2017). External gross characteristics of infected
individuals include abdominal swelling, skin discoloration, and redness, and puffiness
caused by fluid retention (Isidoro-Ayza, Grear, et al., 2019). As infectious zoospores
reproduce asexually in the host, extracellular spores invade and replace the liver, spleen,
kidneys, and pancreas. Because of the ability of Dermomycoides sp. to utilize a wide
range of hosts and environments, if one host species were to go extinct, the parasite could
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still survive and cause declines among other hosts (Gleason, Chambouvet, Sullivan, Lilje,
& Rowley, 2014). For example, bullfrogs are a common and widespread species
throughout the United States, and they use some of the same territory and habitat as the
endangered dusky gopher frog (Fig. 1.1). Both species have had mortality events
associated with infection of Dermomycoides sp. across their respective ranges (Green et
al., 2002). Because of this overlap in the territorial range of the host, even if
Dermomycoides sp. were to drive the dusky gopher frog to extinction, the parasite would
persist in alternative hosts. This is extremely problematic for endangered species
reintroduction efforts, as it can dramatically decrease uninfected habitat for release.

Figure 1. Range map of the dusky gopher frog (Rana sevosa) by county in Mississippi.
Counties with established gopher frog populations are dark green, and counties with emerging populations aided by human assistance
are in light green.
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Amphibian tadpoles function as the definitive host for Dermomycoides sp.
reproduction and spread (Cook, 2008). Tadpoles are exposed to both infectious zoospores
and non-infectious spores of Dermomycoides sp. in the water column until they emerge
from the pond as juvenile metamorphs and migrate to the upland habitat. Infectious
zoospores can penetrate and directly infect amphibian eggs and tadpoles (Fig. 1.2). Once
in the amphibian host, zoospores reproduce asexually in the lumen and intestine,
replacing the host tissue with spores. These spores are shed by the host through the
digestive system and re-enter the pond basin. Within the pond, non-infectious spores can
hatch into infective zoospores when the pH is between 5.5-7.0 (Cook, 2008). Noninfective spores can be ingested indirectly by tadpoles or transport hosts such as birds and
invertebrates that also use that pond basin.

Figure 2. Life history interaction between the dusky gopher frogs and the protist parasite
Dermomycoides sp.
Gopher frogs migrate into ponds to breed. Drawing by (Cook, 2008).
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The eggs develop into tadpoles that undergo metamorphosis from early May to
late August. As tadpoles are developing in the pond basin, they are exposed to infectious
zoospores that can directly penetrate the tadpoles and non-infectious spores which the
tadpoles ingest while swimming. Mortality occurs when the tadpole is unable to shed
spores faster than the spores can replicate asexually within the tadpole. While the frog is
the only terminal host of Dermomycoides sp., the parasite can use additional transport
hosts such as birds and invertebrates, that carry spores in their feces.
Endangered and threatened species are at high risk from extinction due to disease
because of their small population sizes. Decreased survival and reproductive success of
hosts caused by disease can cause the mortality rate to surpass the host recruitment rate,
causing extinction (De Castro & Bolker, 2004). This enhanced extinction risk is
especially true of hosts that experience increased stochasticity of natural recruitment due
to habitat constraints. Many amphibians require ephemeral ponds for breeding, and early
drying of the pond basin can lead to years of zero natural recruitment in the
population(Joseph H K Pechmann et al., 1991). Several years of low or zero natural
recruitment coupled mass mortality events caused by infection can greatly increase the
risk of extinction.
One buffer against low recruitment caused by a shortened hydroperiod is the
presence of a metapopulation habitat structure. A metapopulation is defined as a
collection of populations of the same species, within the same general geographic area,
that may exchange individuals through migration, dispersal, or human interference
(Hanski & Simberloff, 1997; Marsh & Trenham, 2001; McCullough, 1996). Juvenile
frogs originating from one pond within the metapopulation may disperse to the other
4

ponds for breeding. While the metapopulation structure can buffer against low juvenile
recruitment due to early pond drying, it does not necessarily prevent low recruitment due
to disease. Hosts that utilize metapopulation structures are susceptible to extinction at
local and meta-population levels when the rate of the pathogen to infect habitat exceeds
the rate of host colonization of uninfected habitat (De Castro & Bolker, 2004). If hosts
are unable to find uninfected habitat, the populations at each infected pond will
continually decrease over time, with no long-term recovery due to a lack of uninfected
habitat for the population to continuously experience recruitment.
At the time of their listing, the dusky gopher frog only occupied a single breeding
pond known as Glen's Pond (LaClaire, 2001). Since then the Glen's Pond population
expanded into two additional ponds which were altered or created by humans, Pony
Ranch Pond and New Pond, respectively, that make up the Glen's Pond metapopulation.
Pony Ranch Pond and New Pond are within 2 km of Glens Pond and have had gopher
frog breeding documented via egg mass surveys as early as 2016 at New Pond and 2013
at Pony Ranch Pond (Joseph H.K. Pechmann, 2016).
Both Pony Ranch Pond and New Pond have been documented as having over
95% tadpole mortality associated with infection of Dermomycoides sp. (M. Atkinson,
2016). Low recruitment in these ponds during several years with a sustained hydroperiod
is thought to have been caused by exposure to Dermomycoides sp. One management
tactic used to mitigate declines caused by disease is expanding the range of the host and
creating more metapopulations at uninfected sites (Hanski & Simberloff, 1997; Heard et
al., 2017; Marsh & Trenham, 2001; McCullough, 1996). However, endangered species
are at higher risk of disease driven extinction if the pathogen can use a more common
5

and widespread reservoir host that can colonize new habitat at a faster rate than the
endangered host (De Castro & Bolker, 2004). The southern leopard frog, for example, is
more likely to colonize and infect surrounding ponds before the gopher frog can be
introduced into these ponds. Once the gopher frog starts using these ponds, their
offspring would have a lower probability of survival because of infection introduced by
leopard frogs. Because of the ability of Dermomycoides sp. to use more common species
to expand its range, avoidance of this pathogen by the dusky gopher frog is nearly
impossible.
Head-starting programs that collect a portion of each wild-hatched gopher frog
egg mass and rear the animals through metamorphosis before release at the origin site or
translocation to a new site allow for supplementary recruitment of juveniles to the wild
population. These head-starting programs have prevented extinction over multiple
consecutive years of low or zero recruitment of gopher frogs at Glens' Pond (Joseph H.K.
Pechmann, 2019). However, the small population size of the dusky gopher frog at the
time of listing resulted in a low genetic diversity in the species (Hinkson & Richter,
2016). Additional years of zero juvenile recruitment reduced allele richness and
contributed to more loss of heterozygosity (Hinkson & Richter, 2016).
Low genetic variability in a population can cause a decrease in the population's immune
response making the species more susceptible to disease (De Castro & Bolker, 2004).This
occurs when infection causes a positive feedback loop in populations with reduced
genetic diversity and allele richness. The low genetic variability can result in a decrease
in the population immune response, causing higher mortality in infected individuals,
driving down the population size and genetic variability further (De Castro & Bolker,
6

2004; Soul, 1998). In populations that experience multiple stressors such as disease, early
pond drying, temperature fluctuations, or habitat alteration population decline, and
extinction are more likely. This type of disease-driven extinction model, or "extinction
vortex", could apply to the gopher frog population, with gopher frogs serving as the
declining host population and Dermomycoides sp. as the parasitic pathogen driving the
population to extinction.
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CHAPTER II – EFFECTS OF TADPOLE DEVELOPMENTAL STAGE AND
ZOOSPORE EXPOSURE ON MORTALITY OF RANID TADPOLES
Despite conjecture that Dermomycoides sp. may be the third most common
infectious disease behind wild frog mortalities reported (Isidoro-Ayza, 2017), very little
is known about what causes mortality in infected hosts. Parasite-host interactions are
influenced by a balance of environmental factors, parasite characteristics, and the host
response (Blaustein et al., 2012). Prior work by Cook (2008) and Atkinson (2016)
showed that Dermomycoides sp. hatches into infective zoospores between a pH of 5.5
and 7.0 and has the highest rate of host mortality in ponds that dry and fill rapidly. Both
researchers also investigated the effect of developmental stage on southern leopard frog
tadpoles, and as of this project no further investigations have been conducted on the
interaction of the parasite-host relationship between tadpoles and Dermomycoides sp.
While the taxonomy of Dermomycoides sp. and a full species description is still
unknown, the primary pathology and description have begun to be understood (IsidoroAyza, Grear, et al., 2019). Understanding host response to infection using different
amphibian species is imperative to furthering our understanding of this emerging
pathogen.
Host developmental stage can influence the likelihood that the host becomes
infected after exposure and the level of pathology after that infection (Johnson,
Kellermanns, & Bowerman, 2011). The sensitivity and susceptibility of amphibian hosts
to infection is known to vary as hosts develop. For example, these factors vary in wood
frog (R. sylvaticus) and bullfrog (R. catesbianus) tadpoles infected with
Batrachochytrium dendrobatidis (Bd), ranavirus, and trematode infections based on the
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host's developmental stage (Blaustein et al., 2012; De Jesus Andino, Chen, Li, Grayfer, &
Robert, 2013). Earlier developmental stage green frog (R. clamitans) tadpoles exposed to
three different types of parasites (Echinostoma trivovis, Ribeiroia ondatrae, or plagiochid
trematode cercariae) had a lower tolerance to infection than older developmental stage
tadpoles (Rohr, Raffel, & Hall, 2010). African clawed frog (Xenopis laevis) larvae
possess both B and T cells but have no consistent expression of MHC cells until
metamorphosis (De Jesús Andino, Chen, Li, Grayfer, & Robert, 2012). When infected,
African clawed frog tadpoles can mount an adaptive immune response using B and T
cells, and tolerate the infection, but are unable to express innate immunity premetamorphosis.
Understanding the developmental stages at which gopher frog tadpoles are most
vulnerable to infection and mortality is a critical first step in a greater understanding of
the parasite-host interaction of Dermomycoides sp. Either from observational bias or real
association, infection and mortality from Dermomycoides sp. has most commonly been
observed in tadpoles during the later stages of development, just prior to metamorphosis.
In an examination of 225 tadpoles sampled from 21 different mortality events, the
majority of infected individuals were between Gosner stages 31-46 (Isidoro-Ayza et al.,
2017). Gosner stages 31-46 represent the last developmental stages before
metamorphosis (Gosner, 1960). While knowing that these late developmental stages are
at risk is important for monitoring efforts, it is also possible that earlier mortality events
may have been missed and thus not included. Tadpole mortalities occurring at earlier
developmental stages are likely underreported due to sinking and rapid decomposition
(Landsberg et al., 2013). A combination of field observations coupled with laboratory
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experiments is ideal so as not to underestimate the disease effects on the host population
due to observational bias in either the field or laboratory setting (McCallum & Dobson,
1995).
Previous laboratory work examining the effects of host developmental stage on
mortality associated with infection of Dermomycoides sp. used only southern leopard
frogs (R. sphenocephala). Cook (2008) exposed leopard frog tadpoles within the first 30150 hours of deposition into a pond basin to 100 zoospores/µL and collected all surviving
tadpoles ten days after the initial exposure to understand infection during the earliest
developmental stages. Atkinson (2016) exposed leopard frogs between Gosner stages 2540 following the same protocol as Cook (2008), to understand infection during the later
developmental stages of tadpoles. Both researchers found that, excluding eggs, mortality
decreased with increased developmental stage at exposure. However, each experiment
used a different reference for tadpole development at the time of exposure, and these
experiments did not sufficiently overlap in the developmental stages observed, presenting
us with a knowledge gap in host susceptibility.
There is no known tolerance threshold of host susceptibility to infection of
Dermomycoides sp. and we have an incomplete understanding of the effects of gopher
frog developmental stage on mortality associated with infection of Dermomycoides sp. A
common assumption in parasite-host relationships is that the rate of infection is
proportionate to the quantity of the parasite (Ben-Ami, Regoes, & Ebert, 2008). I
designed this experiment to better understand if infection quantity of zoospores of
Dermomycoides sp. and mortality of tadpole hosts follow this infection model. This
experiment was replicated using both gopher frogs and leopard frogs in order to
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determine if there was a species-specific response. I focused on eggs, hatchlings, and
tadpoles 2 weeks post-hatching in order to encompass the stages used by Cook (2008)
and Atkinson (2016). I hypothesized tadpoles exposed at earlier developmental stages
would have higher mortality than tadpoles exposed at later developmental stages. I also
examined how the quantity of zoospores that tadpoles were initially exposed to affected
average days to mortality. I hypothesized that tadpole mortality would increase with
increasing zoospore quantity, and that gopher frog tadpoles would experience higher
mortality than leopard frog tadpoles. I based my hypothesis on the assumption that
because of their small population size gopher frogs have a lower genetic diversity than
leopard frogs and should be more susceptible to infection. The overall purpose of this
study was to understand susceptibility and sensitivity of dusky gopher frog tadpoles to
infection of zoospores of Dermomycoides sp. in a laboratory setting.
Methods
Collection of animal and infectious material
I collected gopher frog eggs from a portion of three egg-clutches laid in the same
pond within 48 hours of deposition. Eggs were placed in small plastic containers with
approximately 300 mL filtered water used to cover the eggs while maximizing oxygen
availability and taken to a laboratory at the Harrison Experimental Forest (HEF), where
they were washed in filtered water to remove large contaminants. After being rinsed, the
eggs were kept in 42.5 cm x 30.2 cm x 17.8 cm plastic boxes (henceforth referred to as
frog boxes) and monitored for growth and mortality. Once at the developmental stage
needed for each experiment, the animals were placed in small, lidded, plastic containers
(approximately 12 cm x 8 cm deep) filled with enough water to cover the eggs and
11

maximize oxygen availability and transported to the Gulf Coast Research Laboratory
(GCRL). Before the tadpole groups were placed into the experiment, a sample of 1-2
eggs or tadpoles from each clutch was analyzed for contamination with Dermomycoides
sp. using qPCR.
Infectious material of Dermomycoides sp. was extracted from the liver and
intestine of dead infected dusky gopher frog tadpoles, homogenized into a slurry, added
to 500 mL of 6.5 ppt NaCl, and then re-refrigerated at 4 o C until needed for the
experimental exposure. Spores of Dermomycoides sp. were processed into infectious
zoospores from the refrigerated material. Before exposure, the slurry was filtered through
a 0.2 µL filter using a vacuum pump, dried for 1 Hr. in a desiccation chamber, placed in
50 mL of clean 6.5 ppt NaCl, and rehydrated for several hours to maximize the number of
spores hatching into infectious zoospores. The number of zoospores in each dose was
determined by counting zoospores from a known concentration. Five cells were randomly
selected and counted within the center square of a hemocytometer and averaged. This
number was then multiplied by 25 for the number of total cells in the center square and
finally multiplied by 10 for the final concentration (Equation 1). This process was
repeated four times, and the average of the counts was used for the final zoospore/µL of
the solution.
n zoospores

(1) (

5 cells

25 cells

) ∗ (0.1µL square) ∗ 10 =

x zoospores
µL

Experiment 1. Investigation of effects of gopher frog developmental stage at the time
of infection on morbidity
Experimental treatments consisted of gopher frogs exposed as eggs (between
Gosner stages 1-10), embryos (between stages 11-19), hatchlings (between stages 20-22),
12

and 2-weeks post-hatching (at stage 25; Fig. 2.1), and unexposed controls. Ten eggs from
each of three different clutches were placed in 2.5 L aquaria in a separate, quarantined
room to serve as additional control groups. Both in-room and out-of-room control groups
were randomly selected at the same time as tadpoles being experimental exposed and
were separated when eggs were collected for the first experimental exposure. The control
groups were exposed to filtered water while the exposed eggs were placed in infected
water.

Figure 3. Gosner stages for amphibian development (Gosner, 1960) used in this
experiment.
Once the larvae grew to the developmental stage needed for their treatment group,
10 randomly selected individuals from each of the three egg clutches were removed from
their frog box and placed in a 1000 mL plastic bowl containing 500 ml of 40 zoospore/µl
stock solution. After 1 hour, the animals were removed from the bowl with a sterile
13

pipette and placed into a 10-L aquarium (Fig 2.2). This was replicated three times, with
each replicate group representing a different egg mass. Two- weeks after initial exposure,
one individual was collected from each replicate for a mid-point sample, and the
remaining animals were collected 4- weeks after their initial exposure for the end-point
sample. Each replicate group was kept in a different 26 o C water bath, and tadpoles were
monitored daily for morbidity and mortality.

Figure 4. Tank map for experiment 1.
Replicates were separated by egg mass (E.M.), and each treatment consisted of 10 tadpoles randomly assigned to and maintained in
10-L aquaria. Aquaria (represented by brown boxes) were maintained in water baths (blue boxes) to keep at a temperature of 26 o C. A
second control group was kept in a separate quarantined control room to monitor the level of baseline infection in the egg masses.

Dead or morbid animals (morbidity was defined as bloated and non-responsive to
touch) were removed and preserved in either 90 % EtOH or 10 % non-buffered formalin
for molecular or histological examination, respectively, with a minimum of a 9:1 ratio of
the respective preservation models based on tissue condition at the time of collection.
Tadpoles used for molecular examination were stored in a -20 o C freezer before DNA
extraction of the liver and intestine. A portion of the liver and intestine was extracted and
14

analyzed for the quantity of Dermomycoides sp. present in the tadpole at the time of
collection using qPCR, following the protocol described for molecular analysis below.
The average days to mortality were analyzed for significance, as described for statistical
analysis below.
Experiment 2. An investigation into the relationship between zoospore exposure
concentration and infection of gopher frog and leopard frog tadpoles.
As soon as the tadpoles maintained at the HEF developed to Gosner stage 25
(spiracle formed to the left and obvious mouthparts), each of the three egg-clutches used
in each experiment was randomly assigned to a replicate group. Five tadpoles, from each
replicate egg-clutch, were randomly assigned to one of five exposure treatments (out-ofroom control, in-room control, 250, 500, or 750 zoospores/µL). Each group of five
tadpoles was placed into a small plastic container (12 x 12 x 8 cm) with 350 mL filtered
water and transported to GCRL.
The infectious zoospore solution was diluted with filtered water from the HEF to
create the experimental exposure treatment (250, 500, or 750 zoospores/µL). A
homogenous aliquot of 500 mL of each exposure solution was pipetted into a 600 mL
plastic bowl, and five tadpoles were placed into the exposure solution for their treatment.
Tadpoles were left in the bowls for 30 minutes before they were removed to their plastic
containers and taken to the Maturation Laboratory at GCRL, where each group of
tadpoles was placed into a 1.5 L plastic container with approximately 1 L of water. Inroom and out-of-room control groups were exposed to filtered water while the other
treatments were exposed to infected water. Placement of individual aquaria on shelving
after exposure was randomly assigned within each replicate.
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Tadpoles were kept at 70o F air temperature, with UVB lights for 8 hours a day,
fed one Hakkari algal wafer once a week, and checked twice a day. Morbid and dead
tadpoles were removed, placed in a 2 mL microcentrifuge tube, and preserved in 90%
EtOH. One tadpole was removed from each treatment group 2 weeks after the initial
exposure for the midpoint sample, and the remaining tadpoles were removed 4weeks
after the initial exposure for the end-point sample. The liver and intestine of preserved
tadpoles were extracted and analyzed for infection of Dermomycoides sp. using qPCR.
Molecular analysis
Tadpoles livers and intestines were analyzed using qPCR to test the prevalence
and intensity of infection of individuals across treatments. The qPCR sequence used was
probe 6-FAM-5'- ACC GTG TTG ATC GAG GCA TT-3' denatured for 2 min at 95 o C,
followed 36-cycles of 30 s at 95 o C, 30 s at 55 o C, 2 min at 72 o C, and an extension
period of 10 min at 72 o C (Karwacki, Atkinson, Ossiboff, & Savage, 2018). The amount
of Dermomycoides sp. present per 1 µL of each sample was calculated by dividing the
mean quantity measured by the total amount of DNA/µg observed via nanodrop. This
quantity was compared with the qPCR results from the representative samples taken
initially.
Statistical analysis
I used a linear mixed model with package "lme4" version 1.1-23 (Bates, Machler,
Bolker, & Walker, 2015) in R studio version 3.6.1 to investigate the association between
the developmental stage and zoospore exposure at the time of initial exposure and days to
mortality. P values were calculated using the Satterthwaite's method, where the mean of
each individual treatment is compared individually to the model mean (Kuznetsova,
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Brockhoff, & Christensen, 2017). This analysis provides us individual p-values for each
treatment in the model. Shapiro-Wilk normality test and Levene's test for homogeny of
variance were analyzed to examine if the use of parametric statistics were appropriate.
Because each block represented a different egg clutch, analysis of block effect was used
to investigate for differences in mortality due to clutch differences. Tukey's HSD was
used as a post hoc analysis of the differences between average days to mortality among
treatment groups.
For the first experiment, the dependent variables analyzed were: days to mortality
and infection level at the experimental endpoint. Days to mortality was determined as the
number of days after experimental exposure until the tadpole was observed as morbid,
dead, or the experiment ended for that treatment. Infection level at experimental endpoint
was calculated using the results of my molecular analysis. The fixed effect for these
models was developmental stage exposed and the random effect was the clutch that
represented each replicate.
For the second experiment the dependent variable was average days to mortality.
The fixed effects for the model were treatment and replicate number, and the random
effect was clutch. I also analyzed for any interaction between treatment, replicate
number, and egg clutch.
Results
Average days to mortality across developmental stages
The average days to mortality was significantly different among developmental
stage exposure groups (see Table 2.1). Tadpoles exposed and hatchlings and 2-weeks
post-hatching had the lowest days to mortality (Table 2.1 and Fig. 5). Tukey HSD
17

showed no significant difference between hatchlings and tadpoles exposed 2-weeks posthatching (p= 0.99). The average days to mortality in eggs and embryos were both
significantly different from hatchlings (Fig. 2.4). There were also significant differences
in tadpoles exposed 2 weeks post-hatching and all other treatment groups, including both
control groups (Fig. 2.4).
Table 1 Average days to mortality in dusky gopher frog tadpoles exposed at different
developmental stages.

Tadpoles were tracked for 4 weeks after exposure to zoospores of Dermomycoides sp. P-values represent significance for each
individual treatment using the Satterthwaite's method in lmerTest.
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Figure 5. Cumulative mortality of tadpoles at different days.
Individuals across all three replicates were combined and used to calculate percent mortality across the experimental period. Each line
started on the day that the treatment group was experimentally exposed and ended 28 days after the initial exposure.
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Figure 6. Average days to the mortality of dusky gopher frog tadpoles exposed to 50
zoospores/µL at different developmental stages.
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Each developmental stage group consisted of 10 tadpoles and was replicated three times. An additional out of room control group was
kept in a quarantined room to assure the lack or level of contamination that the tadpoles already had. Tadpoles were monitored for
morbidity and mortality twice daily for 28 days after the initial exposure of their developmental stage group.

Average infection level across developmental stage groups detected by qPCR
The average number of zoospores at the end of the experiment was not
significantly different among developmental stage groups (Fig. 2.5). There was also no
significant difference in the number of zoospores detected by qPCR in subjects at the end
of the experiment across developmental stages exposed.

Figure 7. Average infection quantity across developmental stages at the time of collection
as detected using qPCR.
The average infection level was determined by the number of copies of Dermomycoides sp. in each sample, divided by the amount of
DNA in the sample, and averaged across the treatment group.

Mortality across water baths containing different numbers of zoospores
All water baths containing zoospores of Dermomycoides sp. had lower days to
mortality compared with the control groups across both gopher frog and leopard frog
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tadpoles. Mortality of gopher frogs was significantly lower in the in-room control group
among gopher frogs, and only the additional out-of-room control group had significantly
lower mortality among leopard frog treatment groups (Table 2.2). Cumulative mortality
of individual gopher frog and leopard frog tadpoles showed higher mortality in tadpoles
exposed in water baths containing 750 zoospores/µL than all other treatments (see Fig.
2.6 and Fig. 2.7).

Table 2 Average days to mortality in individual tadpoles exposed to zoospores of
Dermomycoides sp.

P-values represent significance for each individual treatment using the Satterthwaite's method in lmerTest.
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Figure 8. Cumulative mortality of individual gopher frog tadpoles exposed to baths with
different numbers of zoospores of Dermomycoides sp. (0, 250, 500, 750).
Tadpoles that died within the first and second days after the initial exposure were omitted from analysis because mortality may have
been caused by electrical exposure of misfiring wiring in the laboratory. It is also unlikely that the mortality event was caused by
handling stress or stress associated with the experimental exposure as tadpoles in the out-of-room control group did not experience
mortality, whereas tadpoles in the in-room control group did. If there had been mortality in the out-of-room control group as well, this
mortality would be attributed to handling stress. And because tadpoles in the in-room control group experienced mortality I was able
to rule out stress associated with the infection process. Tadpoles were monitored twice daily, and all tadpoles were collected 28 days
after the initial exposure.

Figure 9. Cumulative mortality of individual leopard frog tadpoles exposed to baths with
different numbers zoospores of Dermomycoides sp. (0, 250, 500, and 750).
Their initial zoospore exposure organized individuals, and all surviving tadpoles were collected 28 days after the initial exposure.
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There was no significant species or clutch effect on average days to mortality
across water bath treatments. Overall mortality was higher in exposed gopher frog versus
exposed leopard frog tadpoles (mean of 25 days and 27 days, respectively). However,
there were no statistically significant differences between the two species and average
days to mortality (t value = -0.09). Average days to mortality varied across treatments
among the species in tadpoles exposed to 500 or 750 zoospores/µL (Fig. 2.8).

Figure 10. Average days to the mortality of gopher frog (R. sevosa) and leopard frog
tadpoles (R. sphenocephala) exposed to zoospore water baths.
All gopher frogs that died within the first two days after initial exposure were omitted from analysis because electrical failure instead
of infection might have caused their mortality. Tadpoles were monitored twice daily, and morbid tadpoles were removed; all surviving
tadpoles were collected 28 days after the initial infection.

Discussion
Host developmental stage
Contrary to our hypothesis, gopher frogs exposed at earlier developmental stages
were less susceptible to zoospores of Dermomycoides sp. This result may be due to the
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jelly capsule layer surrounding the eggs serving as a protective barrier against infection
(Robert & Ohta, 2009). While mortality was high in eggs that are directly injected with
ranavirus, animals exposed in water baths had the lowest mortality of all developmental
stage groups (Haislip, Gray, Hoverman, & Miller, 2011). Similarly, eggs of R.
temporaria exposed to Polycyclic Aromatic Hydrocarbons had higher mortality when
exposed while the jelly capsule surrounding the eggs was removed (Marquis,
Guittonneau, Millery, & Miaud, 2006). Even though embryos are still enveloped in the
jelly capsule, the structure of this protective barrier changes as early as the elongation
from eggs to embryo state (Salthe, 1963). We hypothesize that the structural reshaping of
the jelly capsule during elongation into the embryo state is what caused higher mortality
in the gopher frogs exposed as embryos vs. eggs.
Gopher frogs appear to have a similar mortality response to the infection of
zoospores as leopard frog tadpoles used in prior work. Despite using half of the zoospore
dosage used both Atkinson (2018) and Cook (2006), 40 zoospores/µL vs 100
zoospores/µL gopher frogs exposed around the same developmental stages had lower
survival than leopard frogs (Fig. 2.9). We observed an exception in the survival of gopher
frog eggs vs. leopard frog eggs. This difference is either due to the lower exposure dose,
or the structural make-up of gopher frog jelly capsules, which are more compact than
leopard frog egg masses in the wild population. The difference in survival between
leopard frog tadpoles and gopher frog tadpoles exposed at Gosner stage 25 is likely due
to a lack of genetic variation in the gopher frog. Low genetic variation of the gopher frog
may predispose their tadpoles to lower MHC allele expression, which is already limited
during metamorphosis (De Jesus Andino et al., 2013; Robert & Ohta, 2009). MHC alleles
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are responsible for immune system functions and regulation. Until metamorphosis, there
is no consistent expression of these genes, causing susceptibility to infection to fluctuate.
In populations that experience loss of genetic diversity and allele richness, a reduction of
MHC alleles can also occur (Belasen, Bletz, Leite, Toledo, & James, 2019). This
reduction in MHC expression increases susceptibility to infection and associated
mortality. Future research into the gene expression of infected gopher frog and leopard
frog tadpoles between Gosner stages 25-30 would likely show dramatic differences in
alleles expression between the two species.

Figure 11. The average survival of gopher frog tadpoles at different developmental
stages exposed to 50 zoospores/µL in experiment 1 of this thesis compared to different
developmental stages of leopard frog tadpoles exposed 100 zoospores/µL by Atkinson
(2016) and Cook (2008)
Average survival is grouped by the developmental stage at which the tadpoles were exposed, and each color corresponds to a different
author. The developmental stage at initial exposure was decided by hours after collection in Cook (2008), and Gosner staging was
used by Atkinson (2016). The average mortality in all three experiments was lowest among hatchlings and tadpoles just after hatching.
Fluctuations in the survival of tadpoles at different developmental stages may reflect immune system fluctuations associated with
metamorphosis.

Tadpole's response to the infection of Dermomycoides sp. does not appear to be a
linear relationship and is likely influenced by fluctuations in the immune system structure
during metamorphosis. Immune system studies of Xenopus laecis show fluctuations in
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the adaptive immune system throughout metamorphosis (Lau, Igawa, Komaki, & Satta,
2020; Rollins-Smith, 1998). β-lymphocyte populations were found to vary throughout
metamorphosis and decreased during the later stages of metamorphosis. This decrease is
coupled with the organogenesis of the tadpole, which culminates in the restructuring of
the immune system from the tadpole stage to the adult stage (Robert & Ohta, 2009).
Because the immune response is being restructured while the tadpole host is infected, the
host's ability to tolerate the parasite will decrease during these periods of low immunity.
Zoospore exposure
There does not appear to be a tolerance threshold to tadpoles exposed to different
doses of zoospores of Dermomycoides sp., in either this study or our preliminary study
(Appendix A). Gopher frog tadpoles exposed to water baths containing between 0 and
250 zoospore/µL in a preliminary study also showed no significant difference in days to
mortality. Three groups of 10 tadpoles were exposed to water baths containing 0, 49, 75,
100, and 250 zoospores/µL, following the same protocol as described above. These
tadpoles were left to develop for 3 months, fed Hakkari algae wafer once a week, and
monitored daily for mortality. There was no significant difference in average days to
mortality across any of the developmental treatment groups, including 250 zoospores/µL
(Appendix A).
I believe that the conditions of the maturation laboratory may have influenced the
results of my second experiment exposing tadpoles to a range of zoospores of
Dermomycoides sp. Faulty electrical wiring in the exposure room observed through
investigator shock at the beginning of the experiment may have also caused mortality in
tadpoles across all treatment groups. Because mortality of tadpoles within the first 2 days
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of the experiment may have been caused by exposure to faulty electrical wiring and not
zoospore exposures, we chose to remove the animals that died within the first 48 hours of
the experiment across all treatments.
Quantitative PCR of Dermomycoides sp. detected in hosts does not appear to be
related to exposure quantity. Across all zoospore treatment groups in both this
experiment and our preliminary experiment, the quantity of Dermomycoides sp. detected
was not significantly different at the end-point collection period. Other studies using
Osteopilus septentrionalis exposed to water baths containing between 0 and 100
zoospores/µL also found that exposure had no direct relationship with infection level at
the experimental end-point (M. S. Atkinson & Savage, 2020; Blow, Atkinson, & Savage,
2020). These results are contrary to our hypothesis that there would be a negative linear
relationship between exposure and mortality. We believe that while exposure does lead to
infection, the host response to this infection is most likely proportional to the initial
exposure quantity. Because the immune function is metabolically taxing, tadpole hosts
may only be responding to the parasite threat level present at the initial exposure and then
tapering off once they are at equilibrium with the parasite (Kirschman, Quade, Zera, &
Warne, 2017).
Future work
Future studies analyzing the other divers of mortality associated with
Dermomycoides sp. in amphibian hosts should focus on susceptibility at later
developmental stages as well as post-metamorphic tolerance. After metamorphosis, the
gopher frogs migrate from the pond basin to find their permanent terrestrial burrow
where they will spend approximately 90% of their adult lives. Understanding if these
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adults retain a low level of infection like tadpoles that are exposed in water baths can help
broaden our understanding of carrier vectors and the persistence of this pathogen in
breeding ponds. The only amphibian whose immune system has been studied thoroughly
throughout metamorphosis is Xenopus laecis, and as such, should be considered as a host
species for understanding the effects of Dermomycoides sp. at different infection levels.
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CHAPTER III - ACQUIRED RESISTANCE TO DERMOMYCOIDES SP. IN
PREVIOUSLY INFECTED DUSKY GOPHER FROG TADPOLES
Several years of near-zero recruitment of juvenile gopher frogs in the wild
population have been attributed to infection of Dermomycoides sp. in the pond. Unlike
years of low recruitment caused by premature pond drying, these events are marked by
high but not total mortality of all tadpoles (Joseph H K Pechmann et al., 2008).
Commonly, not all hosts that are exposed to a parasite or pathogen will become infected;
furthermore, not all hosts that are infected will experience mortality caused by the
infection. The processes by which hosts avoid or mitigate infection is described as
resistance and tolerance. Resistance is the ability of a host to avoid or decrease the
pathogen burden, whereas tolerance is the ability of the host to mitigate the detrimental
effects of the infection (Miller, White, & Boots, 2006; Vredenburg, Knapp, Tunstall, &
Briggs, 2010). Typical resistance strategies are avoidance of the pathogen, shortened
recovery after infection, or remaining immunity post-infection (Boots, 2008; Miller et al.,
2006). Resistance targets the fitness of the pathogen so that when the pathogen load is
constant, the number of parasites that can infect the host is decreased (Boots, 2008; Rohr
et al., 2010). If the host is unable to resist the pathogen, tolerance strategies work to
mitigate the physical damage caused by the infection. These strategies include tissue
repair and a more extended period of survival at lethal infection loads than for nontolerant hosts (Blaustein et al., 2005; Wilber, Knapp, Toothman, & Briggs, 2017). Both
resistance and tolerance can affect the host-pathogen relationship because of the tradeoffs involved in each strategy (D A Zelmer, 1998). Understanding what strategies used
by the surviving tadpoles after a mortality event caused by Dermomycoides sp. can help
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improve understanding of the host species if, for example, the surviving individuals were
able to acquire resistance.
Acquired resistance is the ability of a host to change behavior, activate an immune
response, or reduce infection loads upon multiple exposures within the individual's
lifetime (McMahon et al., 2014). Multiple periods of rapid pond drying and refilling
within a tadpole’s lifetime can result in multiple hatching events of zoospores of
Dermomycoides sp. The multiple hatching events that tadpoles are likely subjected to
throughout their metamorphosis validates the requirement of multiple exposures
throughout the individual's lifetime(M. Atkinson, 2016; Cook, 2008). However, acquired
resistance can only be achieved when the pathogen infects the host to a certain level
(Richmond, Savage, Zamudio, & Rosenblum, 2009). This infection threshold is activated
when the pathogen overwhelms the host innate immune system, and thus triggers the
adaptive immune system. Because the infection has to exceed the host tolerance
threshold, there are associated costs to the hosts' health, and mortality may occur on an
individual level (Kirschman et al., 2017; Lochmiller & Deerenberg, 2000). These tradeoffs can include a nutritional cost, metabolic burden, or increased predation risk of the
host (Kirschman et al., 2017; Lochmiller & Deerenberg, 2000). Prolonged infection of
the disease can increase the hosts' risk of predation or starvation, such as adult frogs
increasing time outside of the burrow basking in response to Bd infection (Richmond et
al., 2009). The energy required of the immune system of metamorphosing tadpoles can
also limit the energy required for foraging resulting in a metabolic cost. In tadpoles,
metabolic cost results in smaller body size, an extended larval period, or disruption to the
gut microbiome (Knutie, Wilkinson, Kohl, & Rohr, 2017; Mesquita et al., 2017).
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Morbidity and mortality are avoided through acquired resistance in the individual, but the
population response to the pathogen can still result in low survival.
To understand how acquired resistance affects an individual tadpole infected with
Dermomycoides sp., we must understand the intersection of incidence, mortality, and
survival (Ellis et al., 2014). Incidence is the occurrence of a specific disease, mortality is
death caused by that specific disease, and survival is death from any cause after the
incidence. The incidence of Dermomycoides sp. infection could be a zoospore hatching
event caused by the pond rapidly filling. Mortality is the death of an individual caused by
only Dermomycoides sp., and survival is the death of any tadpoles after the initial
infection. When a pathogen is rapidly lethal, mortality can serve as a proxy for
incidence, as is the case for mass mortality events attributed to infection of
Dermomycoides sp. observed in field surveys (Green et al., 2002; Isidoro-Ayza, Lorch, et
al., 2019). While an individual is either alive or dead (mortality), survival aims to reflect
the course of the disease after a known incidence. A mass mortality event of several
individuals can increase the overall population survival for that year because of the
increase in resource availability (Ainley & DeMaster, 1980). Mortality affects the
individual and can be influenced by age, sex, and life-history traits (Ainley & DeMaster,
1980; McDowell et al., 2008; Pike, Pizzatto, Pike, & Shine, 2008). Understanding how
mortality and survival are affected by a disease incidence can allow for better
management decisions (Haines, Tewes, & Laack, 2005). If gopher frog tadpoles that
acquire resistance to Dermomycoides sp. have higher survival in subsequent years than
adults not exposed as tadpole’s population reinforcement efforts through head-started
individuals may be curbed to allow for long term benefits.
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The intersection of incidence, mortality, and survival of Dermomycoides sp. needs
to be conducted in an experimental laboratory setting. Laboratory experiments can
measure the progress of a disease at a given time because they can follow all individuals
exposed at the same time (Ellis et al., 2014). To date, there have been no experiments
examining if tadpoles infected with Dermomycoides sp. can acquire resistance to later
exposure if they survive the initial exposure. Also, very few studies have used wildcaught animals in the examination of resistance research (Raffel, Lloyd-Smith, Sessions,
Hudson, & Rohr, 2011; Rohr et al., 2010). I used wild bred gopher frog tadpoles to
investigate if tadpoles exposed to an initial high, low, or zero zoospore dose can acquire
resistance to a second high or low dose. I also wanted to investigate the relationship
between survival and mortality of infected individuals. I hypothesized that tadpoles
exposed to an initial dose of zoospores would acquire resistance to a challenge dose and
that tadpoles exposed to an initial high dose would be more resistant than those exposed
to an initial low dose. I also hypothesized that mortality and survival would be highly
correlated, given prior studies and field observations (M. Atkinson, 2016; Aurélie
Chambouvet et al., 2015; Cook, 2008; Gleason et al., 2014; Green et al., 2002; IsidoroAyza, Lorch, et al., 2019). The purpose of this study was to inform future management
models for years with near-zero natural juvenile recruitment in the wild dusky gopher
frog population. If tadpoles can acquire resistance and survive multiple infections, this
will help managers better model the future population under different scenarios (Haines
et al., 2005).
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Methods
Tadpoles were selected from three single egg clutches head-started at the HEF
and taken to the GCRL for experimental exposure. Each egg clutch originated from the
same pond and was maintained in 15 L plastic containers filled with filtered water. Water
quality, tadpole development, and mortality were monitored every other day. When
tadpoles developed to Gosner stage 25, they were separated into 27 groups of ten
tadpoles and transferred to 500 mL square plastic boxes filled with approximately 350
mL filtered water to prevent mortality during transport to GCRL. Then 250 mL of water
was removed from each container of tadpoles, and the initial exposure dose was
randomly assigned to the containers. Tadpoles were exposed to 150 mL of water
containing the initial zoospore dose exposure quantity.
Experimental doses were created from a stock solution of zoospores collected
from dead, infected gopher frogs and approximated using a hemocytometer. The liver and
intestine of dead and infected tadpoles were extracted, ground into a homologous slurry,
desiccated in a vacuum chamber for 1-hour, and then resuspended in 6.5 ppt NaCl. The
slurry was shaken, and four different representative samples were examined by counting
the number of zoospores present in the center square of the hemocytometer. This
concentration was then used to calculate the number of zoospores/ µL in the stock
solution. The concentration of zoospores/µL was approximated once a day until it
exceeded the highest experimental exposure quantity needed. The amount of stock
solution that needed to be added to each container for the experimental exposure was
calculated, and exposure groups were randomly assigned.
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The experimental doses approximated 0 zoospores/µL, 50 zoospores/µL, and 250
zoospores/µL. Tadpole groups were exposed for 30 minutes and then placed into five 2.5
L aquaria specific to their initial treatment group (for experimental design see Fig. 3.1).
Tadpoles were monitored daily for morbidity and mortality and fed one Hakari algae
wafer once a week. Two weeks after the initial exposure, tadpoles were removed from
their aquaria divided into three groups of ten tadpoles and exposed to a second challenge
dose of zoospores (Fig. 3.1 and 3.2).

Figure 12. Gopher frog tadpoles were exposed to an initial and challenge dose of
zoospores
Exposure doses approximated 0 zoospores/µL (zero), 50 zoospores/µL (low), and 250 zoospores/µL (high), with a 2-week separation
between the initial and challenge doses.

The experimental exposure followed the same protocol as the initial exposure, and
one tadpole from each the initial dose group was collected for the midpoint sample just
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before the challenge dose of approximately 0 zoospores/µL, 50 zoospores/µL, and 250
zoospores/µL. After the exposure to the challenge dose, each group of ten tadpoles was
placed in a new 5-L aquarium specific to their treatment (Fig. 3.2). Each treatment was
replicated three times, and each replicate came from a different egg clutch with all
tadpoles in that replicate representing the same egg clutch. Tadpoles were monitored
daily for morbidity and mortality and fed once a week, and any morbid tadpoles were
collected and preserved in either 95% EtOH or 10% non-buffered formalin.

Figure 13. Tank map of tadpole groups exposed to a challenge dose of zoospores.
Treatments are read as Initial-Challenge, (H) is high, (L) is low, and (0) for no exposure. Each replicate represented a different egg
mass, and additional control groups for each egg mass were placed in a separate, quarantined room.

Two weeks after the challenge exposure, all remaining tadpoles were killed and
analyzed for infection of zoospores for our end-point sample. The liver and intestine of
each tadpole was extracted and either sectioned for histology or analyzed using qPCR.
Average days to mortality were analyzed statistically in RStudio version 3.6.1 using the
'survival,' 'Rmisc,' 'tidyverse,' and 'GGgally' packages. Significance was tested using a
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linear mixed model under package "lmer4". The fixed effects were the initial treatment,
challenge treatment, and interaction of the initial and challenge treatment, and the random
effects were block and egg mass. Tukey HSD was then used as a post hoc test to
determine differences among individual treatments.
Results
Days to mortality
Analysis of average days to mortality across all treatments showed no significant
differences among or between initial and challenge treatment groups (Table 3). Across all
treatments, days to mortality was shortest in tadpoles that received a low initial dose of
zoospores (Fig. 14). Average days to mortality in tadpoles that received a low initial
zoospore exposure were approximately 2.85 days shorter than tadpoles that received a
high initial dose, and 2.08 days shorter than tadpoles received no initial exposure.
Treatment groups that received a high initial zoospore exposure had the second-longest
days to mortality, and no mortality was observed in the out of room control group.
Survival
Analysis across treatment groups was significantly different across treatments
only after the challenge dose exposure. When initial and challenge treatments were for
survival to the endpoint, initial, and challenge dose treatments were significantly different
(Table 3.1). Tukey HSD showed that only tadpoles that received a low initial and high
challenge (L-H) dose were significantly different from tadpoles that received a zero
initial and low challenge (L-O) dose (p = 0.02), see Figure 3.3.
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Table 3 ANOVA summary for survival to experimental endpoint in tadpoles that received
an initial and challenge dose treatment.

Figure 14. Survival to the endpoint of all initial and challenge dose treatment
combinations.
Treatments are labeled H (high), L (low), and (O) for zero dose exposures, with the initial treatment listed first and the challenge
treatment second. Tukey HSD showed significant differences in average survival between L.H. and O.L. (p = 0.02). A midpoint
sample of one tadpole was taken from each replicate treatment two weeks after the initial exposure dose and directly before the
challenge exposure dose. All surviving tadpoles were collected 28 days after the initial exposure.
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Molecular results
There were no statistically significant differences between treatment groups and
the intensity of infection observed by qPCR. Infection intensity was also not statistically
significant when analyzing survival (p = 0.643, SE = 7.731e-13) or days to mortality (p =
0.426, SE = 1.331e-11). Neither days to survival nor days to mortality became
statistically significant when outliers were removed (p = 0.122, SE = 0.0001; and p =
0.356, SE = 0.0018 respectively).
Discussion
Tadpoles that received a low initial dose appeared to be less resistant to a
challenge dose, and tadpoles that received a high initial dose appeared to be more
resistant to a challenge dose exposure. Average days to mortality after the challenge dose
was lowest across all treatments with an initial low exposure dose (Fig. 3.4). Tadpoles
that received no initial zoospore dose and a low challenge dose had the shortest days to
the mortality of that initial treatment group. Inversely, tadpoles that received a high initial
dose experienced longer days to mortality when exposed to a low or high challenge dose.
The high initial dose of zoospores may have triggered the immune system's use, which is
typically shut off during metamorphosis to allow for growth. If the higher initial dose
activated the immune system, this could trigger an adaptive resistance response in the
tadpoles to the second challenge dose exposure. This would also explain why tadpoles
that received a high initial dose and no challenge dose had the highest days to mortality
across that treatment. This is because an additional metabolic strain of an adaptive
response in the tadpoles received the challenge dose (Lochmiller & Deerenberg, 2000).
While not statistically significant, this trend of heightened susceptibility in low exposure
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treatment groups is notable for wildlife managers hoping to catch a mortality event when
it occurs.

Figure 15. Average days to the mortality of tadpoles exposed to an initial and challenge
dose of zoospores of Dermomycoides sp., post-exposure to the challenge dose.
Tadpoles were initially exposed to either a high, low, or zero doses of zoospores (approximating 250 zoospores/µL, 50 zoospores/µL,
or 0 zoospores/µL respectively), allowed to develop for two-weeks then exposed to a second high, low, or zero doses. A second
control group was kept in a separate room separated from experimentally exposed tadpoles (green line).
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Survival to endpoint was influenced by the initial and challenge dose groups used, but
there was no interaction effect between initial and challenge dose treatments. Across all
challenge dose treatments, tadpoles that received a low initial dose treatment had the
lowest survival to end-point (Fig. 5). Conversely, across all initial dose treatments,
tadpoles that received a high challenge treatment had the lowest survival to end-point
(Fig. 16). The low survival in tadpoles that received a low initial dose treatment reflects
the lower days to mortality across all treatments, but there is less of a trend in tadpoles
that received a high challenge dose. The lack of significance in the survival of tadpoles
that received a zero-initial dose across all challenge dose groups warrants future
exploration. However, by comparing the survival of tadpoles that received a high
challenge dose across all initial treatment groups to tadpoles that received both a high
initial and challenge dose, we see that the survival curves are similar (Fig. 3.5).

a)
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b)
Figure 16. Survival to the experimental endpoint of tadpoles that received a high (H),
low (L), or zero (O) exposure dose of zoospores of Dermomycoides sp.
a) shows survival by initial dose groups. b) shows survival by challenge dose groups.

Exposure did not equate infection levels at endpoint, and egg clutches vary in
their ability to respond to infection. The infection level varied among both clutches
infected and individuals within each clutch (Table 3.2). Overall average infection level
observed by qPCR increased from midpoint to end-point when all individuals were
included but decreased when outlier individuals, defined as individuals infected above
1x106, were removed (Fig. 3.6). This difference displays the variability in infection and
associated resistance among individuals. Tadpoles that can tolerate or resist the infection
of Dermomycoides sp. showed an overall decrease in infection between the two-week
mid-point and four-week endpoint. Outliers were re-analyzed using qPCR in triplicate
and verified before statistical analysis. The verification of these values demonstrates the
variability among individuals' susceptibility and ability to resist initial infection. The
decline in infection levels when these highly susceptible individuals are removed,
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coupled with the increase in both in-room and out-of-room control groups, indicates an
adaptive response in infected individuals.
Table 4 Average infection load of tadpoles in each replicate egg clutch at experimental
mid-point and endpoint.
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Figure 17. Average infection level among initial treatment groups at experimental midpoint and endpoint when outliers were removed from the analysis.
Resistance and tolerance strategies appeared to be used by all tadpole groups,
including both control groups. In both the in-room and out-of-room control groups, the
low infection levels increased from the midpoint and end-point sample periods. The
dramatic difference between the in-room versus the out-of-room control group's infection
level may be explained by the difference in the associated stress of being in the same
room as infected individuals. Another possibility is that tadpoles kept as in-room controls
were exposed to more zoospores via air exchange. This unintentional exposure may have
caused an adaptive immune response explaining both the mortality observed in our inroom control groups coupled with low infection and high infection loads in the out-ofroom control groups with no mortality. In this way, our in-room control groups could
resist infection, whereas the out-of-room control groups tolerated the infection.
Dusky gopher frog tadpoles appear to acquire resistance to a later challenge dose,
but initial exposure level is crucial in overall survival to acquire resistance. Treatment
groups with a low initial exposure level had the shortest days to mortality. The lowest
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survival had higher infection levels than the control groups and had lower infection levels
than the high initial treatment groups. This difference in infection, survival, and mortality
is likely due to the metabolic cost of mounting an immune response. While the control
groups can tolerate or resist the infection, and tadpole exposed to a high initial dose can
acquire resistance to a later high dose, tadpoles infected with a low dose appear to be
unable to resist or tolerate infection. The low dose of Dermomycoides sp. may not be
enough to activate an immune response, but also be too much for that tadpole's natural
ability to tolerate infection, thus causing high mortality and low survival of infected
individuals.
Conservation biologists should focus on understanding baseline levels of infection
in breeding ponds and seasonal fluctuations in infection levels at these sites. Years of
prolonged water retention in ponds could contribute to a slow increase in infection levels
at these sites. Years of low recruitment could be caused if these levels exceed what
tadpoles are naturally able to tolerate. Gopher frog ponds are also subject to prescribed
burning on a 2-3-year basis, years where the pond basin can be burnt could reduce the
infection load to a level that tadpoles can tolerate. Multiple drying and filling events
within the pond, due to unstable hydrology may cause higher mortality due to repeated
infections mimicking a low-high, or high-high exposure. This type of hydroperiod is
known to occur at New Pond and may explain the high mortality rates observed by
Atkinson (2016). Future work should evaluate other environmental stressors on
individuals infected with a baseline level from the natal pond to explore what factors
mitigate the tadpoles' ability to tolerate infection.
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CHAPTER IV – SUMMARY
Sensitivity and susceptibility to infection of Dermomycoides sp. vary between
species and developmental stage. Prior studies using leopard frogs confirm that there are
differences in gopher frogs' susceptibility and leopard frogs when exposed to
Dermomycoides sp. (M. Atkinson, 2016; Cook, 2008). Leopard frogs exposed to 100
zoospores/µL experienced fluctuations in mortality associated with developmental time,
but gopher frogs exposed to 50 zoospores/µL only experienced similar mortality. I used a
lower exposure dosage if gopher frogs were more susceptible than leopard frog tadpoles
due to their lowered genetic diversity (Hinkson, Henry, Hensley, & Richter, 2016;
Hinkson & Richter, 2016; Richter, Crother, & Broughton, 2009). Because mortality
levels of gopher frogs infected with half the exposure dose used by Atkinson (2016) and
Cook (2008) with leopard frogs showed similar results, gopher frogs are likely more
susceptible as a species than leopard frogs.
When exposure dosage is high (> 250 zoospores/µL), there was no significant
difference between exposed gopher frogs and leopard frog tadpoles. High exposure
dosages likely exceed natural tolerance levels of both species, causing similar mortality
patterns. Because gopher frogs and leopard frogs share similar life-history traits such as
breeding season, larval period, and breeding ponds within a metapopulation, each species'
generational exposures to Dermomycoides sp. should be indistinguishable. The
heightened susceptibility of gopher frogs versus leopard frogs would explain years of low
recruitment in the gopher frog population coupled with lowered recruitment in leopard
frogs at the same time. Dipnet surveys after a mortality event in gopher frog breeding
ponds typically yield almost no gopher frogs and a drastically reduced number of leopard
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frog tadpoles. Further work should focus on interacting with the two species cohabitating
within infected mesocosms to understand the ecological drivers behind these field
observations.
The infection of Dermomycoides sp. can be tolerated by the host and help
establish resistance to future infections. A parasite's adult form has to live within the host
and uses the host as a habitat for growth and reproduction (Derek A Zelmer, 1998).
Tadpoles exposed to a low initial dose are least able to resist a later exposure to
Dermomycoides sp. This result implies that contrary to the assumption that single largeexposure events cause mass mortality events, they are likely the result of a prolonged
low-level exposure that increases over time. Gopher frogs use ephemeral ponds that fill
and retain water due to rain events (Thurgate & Pechmann, 2007). During periods of
heavy rainfall, the pond's pH can fluctuate dramatically, causing an increase in zoospore
hatching (Cook, 2008). While these hatching events expose tadpoles to a large dose of
zoospores, years where the ponds retain water and the ponds' pH stay relatively stable,
allowing for slow and continuous hatching of zoospores may be more lethal to the overall
host survival. In 2018, Glen's Pond remained full for 11 consecutive months; during this
time, the pond pH slowly fluctuated between 4.42 and 6. Of the 86 gopher frog egg
masses observed in the pond that breeding season, only two tadpoles survived to
metamorphosis. While this is only a single event, it may be an indicator of a larger
pattern that we are only beginning to understand. Future work should examine the abiotic
factors of these ponds, such as water and soil temperature, to analyze fluctuations in
zoospore levels compared to rain events.
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This thesis is the first study of Dermomycoides sp. using gopher frog tadpoles.
While I believe it is worthwhile to replicate these experiments with zoo-hatched gopher
frogs, as they should not have any baseline infection, I do not believe studies need to use
wild-hatched gopher frogs. Many of my results were non-significant due to baseline
infection levels of wild-caught tadpoles, and I do not believe that a lack of baseline
infection is possible. This recommendation does not negate the need to understand how
Dermomycoides sp. affects gopher frogs directly, only that use of wild-hatched animals
should continue to be limited. All animals used in these experiments had to be killed and
cannot contribute to future breeding events. With approximately 200 breeding adults in
Glen's Pond metapopulation, our work should focus on understanding the disease ecology
within the breeding ponds. Head-starting programs should be maintained as they
supplement the population in years of low recruitment. As the mechanisms, this pathogen
becomes more understood; these programs may allow us to breed tadpoles selected to be
less susceptible to infection (Rohr et al., 2010). Further study of this pathogen is essential
to the gopher frog and global amphibian conservation efforts' long-term recovery.
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APPENDIX A – Preliminary study on infection threshold tolerance of dusky gopher frog
tadpoles
Three different gopher frog egg clutches were collected from Glen's Pond and
reared at the Harrison Experimental Forest until they reached Gosner stage 25 (obvious
mouthparts and spiracle formed on the left). The tadpoles were then transported to the
Gulf Coast Research Laboratory Wet Laboratory in small frog boxes, where they were
separated into five different exposure groups. The exposure groups approximated 0, 25,
50, 75, 100, 150, and 200 zoospores/µL. Once randomly assigned to an exposure group,
10 tadpoles were placed in 300 mL of water contaminated with the exposure dose.
Tadpoles were kept in exposure containers for 1 hour before they were removed from the
exposure water and placed into 2.5 L aquaria.
The tadpoles were kept in a water bath maintained at 26 o C and monitored once a
day for morbidity and mortality. Morbid tadpoles were removed and preserved in 70%
EtOH or formalin. The experiment was run for 103 days, at which point all remaining
tadpoles were killed. All individuals were analyzed for infection level at the experimental
endpoint using qPCR.
The average days to mortality were not significantly different among treatment
groups, and survival was only significantly different from the lowest and highest
treatment groups. There was no significant difference in infection levels of groups at the
experimental endpoint. Only tadpoles exposed at 250 or 0 zoospores/µL were
significantly different for survival to endpoint (p = 0.04).
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Average days to mortality in gopher frog tadpoles exposed between 0-250
zoospores/µL. There were no significant differences in days to mortality across
treatment groups.

Average survival to end-point of tadpoles exposed between 0-250
zoospores/µL. Survival was only significantly different between tadpole exposed to 0
zoospores/µL and 250 zoospores/µL (p= 0.04).
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